A challenge for automated glycemic control in type 1 diabetes (T1D) is the large variation in insulin needs between individuals and within individuals at different times in their lives.
checks, an estimation of carbohydrate intake with each meal, calculation of insulin requirements to treat meals, and multiple daily insulin injections or use of an insulin pump. Despite these efforts, hyperglycemic excursions and episodic hypoglycemia are common in most patients with T1D (4 -7). Most patients do not meet targets for glucose control, leaving them at increased risk for complications (8 -10) . In addition, hypoglycemia can result in life-threatening consequences and limits intensification of insulin treatment (11) . Integrating continuous glucose monitoring (CGM) technology with insulin pumps and a control algorithm to create a bionic endocrine pancreas has the potential to improve glycemic control, reduce hypoglycemia, and reduce the burden of care in TID.
A bionic pancreas must achieve safe and effective glycemic control in patients of all ages in the face of exercise and meals. One of the main challenges in achieving this goal stems from the large differences in interindividual insulin requirements, in particular between preadolescent children and adults, with generally modest insulin requirements, and pubescent adolescents, who typically have much higher requirements (12, 13) . A single system capable of automatically adapting to the individual needs across all three age populations would obviate the need to repeatedly tune the system manually throughout the transition from childhood to adolescence to adulthood. The adaptation should be sufficiently robust and quick enough to manage not only the changes in insulin requirements over months during development but also changes occurring over hours, days, and weeks in response to intercurrent illness, emotional stress, and physical activity.
We have previously built and tested two generations of bihormonal bionic endocrine pancreas systems in adults with T1D. The first-generation system used venous plasma glucose (PG) readings every 5 minutes as the sole input to the control algorithm, which in turn autonomously determined doses of insulin and/or glucagon that were administered sc (14) . The second-generation system used a similar control algorithm but responded to data from a CGM, rather than venous PG (15) . Although both systems performed well in adults, we found that our second-generation system, when set for adults, could not provide sufficient insulin dosing in many adolescents because their average insulin requirements were 2-3 times those of adults. When the system was set for adolescents, it dosed insulin too aggressively for most adults (data not shown). Most clinical trials of closed-loop BG control systems have focused on either adult or adolescent populations. All other control systems were either preconditioned for each subject with information from their insulin regimen under usual care, required a training period to customize the algorithm to the subject's insulin needs, or both (16 -40) .
Such approaches may overconstrain the control system, rendering it unable to cope with the long-term variability in insulin demand.
Our third-generation bihormonal bionic endocrine pancreas has been designed to respond to changes in glycemia on multiple time scales, cope with large variations in inter-and intrasubject insulin requirements, and requires only the subject's weight for initialization. Within the shortest time frame, corresponding to the temporal resolution of the system (5 min interval), the instantaneous basal and bolus doses are responsive to the ambient glucose level. However, the system responds to longer-term changes in a subject's insulin requirements, as might occur over periods of hours to years, by using time-averaged glucose data over a moving window of the last 24 hours.
A completely automated closed-loop control system would not require meal announcements and would simply react to changes in BG, mimicking the pancreas. However, delays in sc insulin absorption have led many investigators to explore the use of meal announcements. These meal announcements have required accurate carbohydrate estimations, as resulting insulin dosing for meals is based on preset carbohydrate to insulin ratios (16, 18, 26, 27, 31-34, 36 -38) , just as in the current standard of care. Our second-generation system used meal announcements, but the size of the meal-priming insulin bolus administered by the system at the start of a meal was based entirely on subject weight and was intended to provide less than 50% of the average insulin that would be required for meals. The resulting fraction of insulin varied among volunteers, but inter-and intrasubject variability in the meal insulin requirement presents another opportunity for automated adaptation. Our third-generation system includes an adaptive meal-priming insulin bolus capability that automatically adjusts the size of breakfast, lunch, and dinner doses by administering 75% of the average prandial insulin provided for previous meals at that time of day.
We hypothesized that our third-generation bihormonal bionic endocrine pancreas, initialized only with subject weight, could automatically regulate BG safely and effectively in both adults and adolescents with T1D and could automatically adjust insulin dosing in a period of approximately 24 hours to meet individual insulin demands. Furthermore, we hypothesized that use of adaptive mealpriming boluses would improve glycemic control relative to an entirely reactive system with no meal-priming boluses. Here we report results of a study testing these hypotheses in experiments involving 24 adult and adolescent subjects with T1D.
Materials and Methods
The protocol was approved by the Massachusetts General Hospital and Boston University Human Research Committees.
Subjects
Twelve adult and 12 adolescent subjects with T1D participated. All subjects provided written informed consent or assent forms. At baseline, adolescent subjects were 12 years old or older and 21 years old or younger; adult subjects were required to be older than 21 years. Other requirements included glycosylated hemoglobin (HbA1c) of 9.0% or less, body mass index of 20 -35 kg/m 2 , daily insulin requirement of 1 U/kg ⅐ d or less for adults and 2 U/kg ⅐ d or less for adolescents, and peak stimulated Cpeptide level of 0.1 nmol/L or less in response to a mixed meal. Other criteria are detailed in the Supplemental Material.
Closed-loop glucose control system
Insulin and glucagon were administered by a fully automated system (Supplemental Figure 1 ) using a revised version of control algorithms previously described (14, 15) (Supplemental Material). The only input signal was data from the Freestyle Navigator (Abbott Diabetes Care), a Food and Drug Administration-approved interstitial-fluid CGM. Insulin dosing was controlled by an augmented model-predictive control algorithm incorporating a pharmacokinetic model for insulin lispro that assumed a peak time (t max ) of 65 minutes. Glucagon dosing was controlled by a proportional-derivative algorithm. Insulin lispro and glucagon (Eli Lilly) were administered sc by OmniPod patch pumps (Insulet). All of the components were worn by the subject except for the CGM receiver and a computer, which were mounted on an iv pole to allow freedom of movement.
The control system came directly online with no learning period, and no information about the subject's usual insulin regimen was provided to the algorithm. The control system only received CGM glucose (CGMG) data and commanded dosing of insulin and/or glucagon every 5 minutes. Half of the adults and adolescents were randomly assigned to receive meal-priming insulin boluses administered at the beginning of each meal. The first meal-priming bolus was solely based on weight (0.05 U/kg), after which meal-priming boluses were automatically adapted by the control system online. In the first 24 hours, adaptation was based on CGMG data and dosing responses of any preceding meals, and in the second 24 hours, adaptation was based on CGMG data and dosing responses of the corresponding meal in the first 24 hours. The other half of the subjects in each age group received no meal-priming boluses.
Automated glucose control experiments
Subjects were admitted to the Massachusetts General Hospital Clinical Research Center and received basal insulin from their own pump until initiation of closed-loop control. The Navigator CGM, inserted the day before, was linked wirelessly to the system and calibrated strictly according to the manufacturer's instructions, except that venous PG values were used for calibration. Venous PG levels, from which the primary outcomes were derived, were measured every 15 minutes with the GlucoScout (International Biomedical) and were confirmed hourly with a YSI 2300 STAT Plus analyzer (YSI Life Sciences). Only CGMG values were available to the control system. Closed-loop control was initiated at 3:00 PM. Six meals (each consumed in 30 min) were provided over 51 hours, with 50% or more of calories from carbohydrate (Supplemental Material). The mean carbohydrate consumption was 98 Ϯ 17 (range 63-144) g per meal [mean carbohydrate consumptions for the adolescent and adult groups were, respectively, 97 Ϯ 16 (range 63-133) and 100 Ϯ 18 (range 68 -144) g per meal, which averaged 4.9 Ϯ 0.6 and 3.9 Ϯ 0.6 g/kg ⅐ d, respectively]. Exercise on a stationary bicycle began at 4:00 PM on the second day and lasted approximately 30 minutes with a target heart rate of 120 -140 beats/min until a total of 4000 heartbeats was reached. The 51-hour closed-loop experiment ended at 6:00 PM on the third day.
Hypoglycemia was defined as venous PG of less than 70 mg/dL and was treated with fruit juice if the PG remained of less than 70 mg/dL for three consecutive 15-minute measurements, less than 60 mg/dL for two consecutive measurements, less than 50 mg/dL once, or if subjects had symptoms of hypoglycemia concurrent with PG of less than 70 mg/dL (Supplemental Material).
Laboratory and pharmacokinetic analyses
Samples for insulin and glucagon measurements were obtained at 30-minute intervals from 7:00 am to 4:00 PM and at 60-minute intervalsotherwise.Insulin,glucagon,andHbA1cwereassayedandplasma t max for lispro was derived as previously described (6) .
Statistical analyses
The prespecified primary outcomes were mean PG, percentage of PG values less than 60, less than70, 70 -120, 70 -180, greater than 180, and greater than 250 mg/dL, and number of hypoglycemic events that were carbohydrate treated according to protocol. Outcomes were calculated for the last 48 hours of each experiment to reduce the influence of preexperimental conditions. Nighttime was defined as 11:00 PM to 7:00 AM.
Other than pump replacements when failure was clinically suspected, no additional interventions were made; the control system was allowed to recover and manage glycemic consequences autonomously.
Statistical analyses between the two age groups (12 subjects each) and among the four subgroups (six subjects each) were performed with the unpaired-sample Student's t test.
Results
At baseline, adults 22-66 years old had a mean body mass of 78 Ϯ 14 kg and a mean HbA1c of 7.3% Ϯ 0.9% with a daily insulin dose of 39 Ϯ 13 U. In contrast, adolescents 12-18 years old had a mean body mass of 58 Ϯ 9 kg and a mean HbA1c of 7.9% Ϯ 0.4%, with a daily insulin dose of 57 Ϯ 12 U (Table 1) .
Glycemic control: adult cohort
The 48-hour mean PG was 132 Ϯ 9 mg/dL in the subgroup receiving an adaptive meal-priming bolus (AMB) and 146 Ϯ 9 mg/dL with no meal-priming bolus (NMB) (P ϭ .03), with 80% and 70% of PG values within 70 -180 mg/dL (P ϭ .04), respectively (Table 2 and Figure 1 , A and C). There was no difference in PG values less than 70 mg/dL (5.1% vs 3.6%, P ϭ .7) or less than 60 mg/dL (1.4% vs 2.3%, P ϭ .6). Mean PG during nighttime hours was 112 Ϯ 14 mg/dL vs 110 Ϯ 14 mg/dL (P ϭ .9) with 92% and 94% of PG values 70 -180 mg/dL, respectively. The overall average area under the curve (AUC) in the CGMG trace over the 4-hour postprandial periods for all six meals was modestly reduced in the AMB subgroup by 12% relative to the NMB subgroup ( Figure 2B , P ϭ .01). There were 22 episodes of treat- Results are broken out across the four subgroups: adults (A) receiving automatically AMB, adults receiving NMB, adolescents (P) receiving AMB, adolescents receiving NMB. Abbreviations: BM, body mass; BMI, body mass index; F, female; M, male. a All subjects had fasting and stimulated C-peptide less than the assay limit (Ͻ0.1 nmol/L).
ment-requiring hypoglycemia in five subjects, which corresponds to an average of 0.92 episodes per day.
Glycemic control: adolescent cohort
In adolescent subjects, 48-hour mean PG was 162 Ϯ 6 mg/dL vs 175 Ϯ 9 mg/dl (P ϭ .01) in the AMB and NMB subgroups, respectively, with 68% vs 60% of PG values within 70 -180 mg/dL (P ϭ .05) ( Table 2 and Figure 1 , B and D). There was no difference in PG less than 70 mg/dL (0.3% vs 0.4%, P ϭ .8) or less than 60 mg/dL (0.1% vs 0.1%, P ϭ 1.0). Mean PG values during nighttime hours were 137 Ϯ 14 mg/dL vs 132 Ϯ 12 mg/dL (P ϭ .5) with 95% and 94% of PG values within 70 -180 mg/dL, respectively. The overall average AUC in the CGMG trace over the 4-hour postprandial periods for all six meals was not significantly different between the AMB and NMB subgroups ( Figure 3B , P ϭ .28). There was one treatmentrequiring episode of hypoglycemia, which corresponds to an average of 0.04 episodes per day.
Adaptation of the meal-priming bolus
The size of the meal-priming bolus for the first meal was set at 0.05 U/kg (see Figures 2C and 4A) . In both the adult and adolescent AMB subgroups, the average meal-priming bolus size automatically increased for all subsequent meals ( Figure 4A ), more so in adolescents with the average bolus size for the last four meals being approximately 2.5-3.5 times larger than the first meal (P Ͻ .05). The average meal-priming boluses for each of the last four meals were significantly larger in adolescents than in adults (P Ͻ .05) (Figure 4A ), but the differences in the automatic controller-dosed postprandial insulin were consequently reduced ( Figures  2C and 4B) . Correspondingly, the significant difference in the AUC of CGMG between adults and adolescents for the first meal (P ϭ .002) was no longer significant for the second through fourth and sixth meals ( Figure 4C ).
Adaptation of the algorithm in the absence of meal-priming boluses
In the adult NMB subgroup, there was no difference between any of the meals in the automatic controllerdosed 4-hour postprandial insulin ( Figure 4E ) and minimal differences in the mean postprandial AUC between meals. Thus, there was very little net adaptation required by the control algorithm.
In adolescents, there was no difference between meals in the automatic controller-dosed 4-hour postprandial insulin ( Figure 4E ), but dosing was concentrated earlier in the postprandial period of the last five meals vs the first meal ( Figure 3) . The mean values of the postprandial AUC for the second through fourth meals were significantly lower than for the first meal ( Figure 4F ), and the peak postprandial PG levels of the third and fourth meals were lower than that of the first meal ( Figure 4G , all P Ͻ .05).
Adolescents received significantly more automatic controller-dosed, 4-hour postprandial insulin than adults for every meal except the third ( Figure 4E ). Despite this, the AUC for adolescents was significantly larger than in adults for the first and second meals (P Ͻ .05), although not for the third and fourth meals ( Figure 4F) . Likewise, the peak postprandial PG was significantly higher in adolescents for the first meal (P Ͻ .05) but not the second through fourth meals ( Figure 4G) . A significant difference between adults and adolescents reappeared in meals five and six for the AUC ( Figure 4F ) and for meal five for peak postprandial PG ( Figure 4G ), consistent with a partial relaxation of adaptation overnight (see Discussion).
Insulin administration
There was nearly a 4-fold variation in the total daily insulin dose between the adult and adolescent cohorts (0.36 -1.41 U/kg ⅐ d). Adolescents received more insulin than adults in experiments with a meal-priming bolus (1.1 Ϯ 0.2 vs 0.6 Ϯ 0.2 U/kg ⅐ d, P ϭ .001) and without (1.2 Ϯ 0.2 vs 0.7 Ϯ 0.2 U/kg ⅐ d, P ϭ .002). The portion of the prandial insulin that came from the meal-priming bolus was similar in adolescents and adults (64% Ϯ 5% vs 71% Ϯ 5%, P ϭ .06). There was no difference between the total insulin delivered with or without an adaptive meal-priming bolus (P ϭ .4 for adults, P ϭ .6 for adolescents).
Insulin pharmacokinetics and glucagon administration
As we found previously (14, 15) , there was a large intersubject variation in insulin lispro pharmacokinetic parameters (Table 2 ) with t max ranging 35-134 minutes (mean 70 Ϯ 31 min) in adults and 42-118 minutes (mean 64 Ϯ 23 min) in adolescents (P ϭ .6).
The system delivered less glucagon in adolescents than in adults, both in the AMB subgroups (2.5 Ϯ 1.7 vs 6.8 Ϯ 2.5 g/kg ⅐ d, P ϭ .008) and the NMB subgroups (2.9 Ϯ 1.7 vs 6.6 Ϯ 3.5 g/kg ⅐ d, P ϭ .05). Glucagon dosing was not significantly different between the AMB and NMB subgoups for adolescents (P ϭ .7) or for adults (P ϭ .9). Mean plasma glucagon levels were in the normal fasted range (50 -150 pg/ mL) 74%, 61%, 91%, and 61% of the time for the adolescent and adult AMB and adolescent and adult NMB groups, respectively ( Figures  2D and 3D) .
Performance of the CGM
Overall, the Navigator CGM performed well relative to PG measurements, with a mean absolute relative difference (MARD) of 12.3% Ϯ 4.7% (range 6%-29%). However, the experiment with the MARD of 29% (Supplemental Figure 3 ) accounted for 8 of the 12 episodes of hypoglycemia in the adult AMB subgroup and two of the experiments with MARDs of 15% or greater (Supplemental Figures 9 and 10 ) accounted for 9 of the 10 episodes of hypoglycemia in the adult NMB subgroup. None of the experiments in the adolescent cohort had a MARD greater than 11.7%. D and E, Superposition of mean plasma insulin and glucagon levels, respectively. Notice the higher PG and CGMG for adolescent subjects relative to adults in both panels A and B, despite a higher insulin dosing (C) and corresponding higher plasma insulin levels (D) as well as lower glucagon dosing (C) and corresponding lower plasma glucagon levels (E). Although the system's dosing per kilogram of body mass was the same at initialization, it automatically increased its insulin dosing more for adolescent subjects than adults (B) and achieved better control by the second day in both cases. These plots broken out across the adult and adolescent AMB subgroups are shown are Supplemental Figures 26 and 28 .
Adverse events other than hypoglycemia There was nausea with or without headache that may have been associated with glucagon administration in 2 of the 24 subjects (one adult and one adolescent). The peak glucagon levels were not unusually high in these subjects (see Supplemental Methods for further details).
Technical failures
All data from all subjects were included when calculating outcome metrics, regardless of technical failures. There were 10 glucagon pod failures and three insulin pod failures with alarms and three cases of clinically suspected failure of insulin delivery (all later affirmed by plasma insulin deficits relative to predictions, which resolved after pod replacement). In each case the only intervention was to replace the pod. There were four periods during which the Navigator software was transiently offline and the control algorithm continued automatic basal insulin delivery, based on the previous history (see Supplemental Material for further details).
Discussion
Insulin needs vary greatly among individuals, presenting a challenge to the design of bionic pancreas control algorithms. Many algorithms use individual usual-care insulin regimen information and/or require a training period (16 -40) . If the insulin requirements change (with changes in health, physical activity, body fat, and pubertal development), then the control system may be too constrained by its initial parameters to provide effective and safe glucose control. Although at least one other group has tested an adaptation capability (31), our approach is unique in that the only information provided to the algorithm is body mass. The insulin dosing adapts without constraints based on the usual-care insulin regimen. The experiments reported here are a stringent test of the adaptive capabilities of the algorithm.
Delays in the absorption of sc insulin and in CGM sensing to track changes in PG (10, 11, 14, 15, (41) (42) (43) have also led us and many others (14 -16, 18, 26, 27, 31-34, 36 -38) to experiment with meal-priming insulin doses. Other control algorithms require the user to calculate the carbohydrate content of the meal just as they do in current The six meals are indicated by black triangles. B, Forty-eight -hour mean CGMG trace (CGMG sampled every 5 min) that provided the input for the closed-loop control algorithm. C, Superposition of the means of sc insulin-glucagon doses (including priming insulin doses, indicated by downward arrows) administered by the closed-loop system in response to CGMG in panel B. D and E, Superposition of mean plasma insulin and glucagon levels, respectively. Notice the higher PG and CGMG for adolescent subjects relative to adults in both panels A and B, despite higher insulin dosing (C) and corresponding higher plasma insulin levels (D) as well as lower glucagon dosing (C) and corresponding lower plasma glucagon levels (E). Although the system's dosing per kilogram of body mass was the same at initialization, it automatically increased its insulin dosing more for adolescent subjects than adults (B) and achieved better control by the second day in both cases. These plots broken out across the adult and adolescent NMB subgroups are shown are Supplemental Figures 27 and 29. Note that subject 283 (Supplemental Figure 8) has very high antiinsulin antibody levels, which appear to interfere with the insulin immunoassay. This results in extremely high measured insulin levels and shifts the overall mean for the adult NMB group upward, explaining why the mean insulin levels in the adult NMB cohort are higher than in the adolescent NMB cohort despite higher dosing in the adolescent cohort. doi: 10.1210/jc.2013-4151 jcem.endojournals.orgusual care (16, 18, 26, 27, 31-34, 36 -38) . This approach dramatically limits the reduction in burden of care that can be achieved with a bionic pancreas and is associated with a risk of hypoglycemia if too much insulin is provided (16, 26, 27, 34 -38) . Our approach is less burdensome to patients because no quantification of carbohydrate consumption is required.
After allowing 24 hours of adaptation, the mean PG under bionic pancreas control in both adult cohorts were consistent with meeting American Diabetes Association glycemic control guidelines (average PG Ͻ154 mg/dL) (44, 45) . The amount of adaptation required by the algorithm for adults is modest because its initial parameters were conservatively set for average adult insulin requirements.
Consistent with our expectation that significant adaptation would be required in adolescents, the overall mean PG was higher in both adolescent subgroups than in adults and the adaptive meal-priming bolus was necessary to a achieve American Diabetes Association glycemic control guidelines for adolescents (average PG Յ168 mg/dL). Adolescents received 75% more insulin per kilogram than adults, and the average size of the adaptive meal-priming boluses on the second day was 1.8 larger than in adults. Likewise, the 4-hour postprandial insulin was 63% higher in the adolescent vs adult NMB subgroups. The exact same algorithm and initialization parameters were used in both adults and adolescents, demonstrating robust adaptation over only 24 hours. The adaptation rate and magnitude suggests the system is sufficiently robust to manage rapid changes in individual insulin requirement due to changes in activity level or illness.
The inherently higher insulin requirements of adolescents, coupled with their relatively lower body mass (which, in turn, relatively reduced the algorithm's dose scaling initially) required more time in adolescents than in adults for the system to adapt to the levels necessary to achieve effective insulin dosing. This contributed to the higher mean PG levels in adolescents because the study spans a relatively short period.
This study revealed that even more rapid adaptation may further improve performance. The adults in both the AMB and NMB subgroups with the lowest mean PG values accounted for a large fraction of recorded hypoglycemia. Therefore, we have refined the fourth-generation al-A E B F C G D Figure 4 . Glycemic control quantities relating to the times around the six meals, ordered as first dinner (D1), first breakfast (B1), first lunch (L1), second dinner (D2), second breakfast (B2), and second lunch (L2). For each meal, the bar on the left relates to adults and the one on the right relates to adolescent subjects. Each of the six meals is assigned a reference symbol: †, D1; *, B1; $, L1; ‡, to D2; **, B2; and $$, L2. The appearance of any meal symbol above a bar pertaining to any of the other five meals for the same age group indicates a statistically significant difference (P Ͻ .5) in the values of the represented quantity for those two meals. The appearance of a square brace above any pair of bars indicates a statistically significant difference in the values of the represented quantities for that meal between the adult and adolescent cohorts. A, Average size of adaptive meal boluses. B and E, Four-hour postprandial insulin with AMB and NMB, respectively. C and F, Four-hour CGMG postprandial AUC with AMB and NMB, respectively. D and G, Peak postprandial PG with AMB and NMB, respectively. gorithm so that it will more strongly reduce insulin dosing as the mean CGMG is reduced. On the other hand, hypoglycemia was very low in both the adolescent NMB and AMB subgroups, and the mean PG was greater than the glycemic targets for some individuals. Consequently, we have refined the algorithm to be more aggressive when the mean CGMG is high. We also found that adaptation relaxed somewhat due to low mean glucose levels overnight and refined the algorithm to prevent that.
Our system is dependent on the CGM accurately estimating PG. The adult subject with the most time with PG less than 70 mg/dL also had the worst CGM performance. When the CGMG level was higher than the PG, the bionic pancreas dosed more insulin and less glucagon than would have been the case with an accurate estimation of PG, increasing the risk for hypoglycemia. More accurate CGM sensors and, ideally, sensors that do not require calibration, would improve system performance. A weakness of the Navigator CGM is that it underestimates PG in the hyperglycemic range (46) . Because the algorithm adapts in response to mean CGMG, the system would have adapted more aggressively if this bias had not been present. The DexCom G4 Platinum CGM (Dexcom) does not exhibit such bias and has similar or superior accuracy (47) . Substitution with the DexCom G4 CGM in future studies is expected to lower the mean PG achieved by the system and reduce the difference in mean PG between adults and adolescents.
Some hypoglycemia that occurred required treatment with extra carbohydrates according to our protocol. Although the strictly limited microdoses of glucagon were not sufficient in every case to prevent hypoglycemia from occurring, they may have been able to reduce the severity and duration of hypoglycemia by rebounding PG out of the hypoglycemic range. We were unable to directly test this hypothesis because the study protocol was designed conservatively with a premium on subject safety, which mandated relatively early treatment of hypoglycemia with oral carbohydrates. Indeed, the duration of hypoglycemia reported here likely represents a lower bound on what might be expected in clinical practice because those episodes that mandated carbohydrate treatment likely would have increased the duration of hypoglycemia had carbohydrates not been administered.
To our knowledge, this is the first demonstration that a single bionic pancreas system, initialized with a single objective parameter (body mass), can provide safe and effective glycemic control in both adolescents and adults with T1D with widely varying insulin requirements. The time scale of adaptation is less than 24 hours, which is sufficiently fast for any physiological change in insulin requirement that individuals with T1D are likely to experience. This adaptation rate is sufficient to manage intercurrent illness and changes in physical activity and provides a universal bionic pancreas device for all individuals with T1D from initial treatment at diagnosis and through developmental stages of life. Outpatient studies in adults and children will follow based on the strengths of the results presented here. 
